In a recent paper (Hoagland, 1934-35) evidence was presented indicating that adaptation to pressure as measured by the failure of nerve impulses from single mechanoreceptors in frogs' skin is produced by an inhibitory neurohumor, probably containing potassium, released from cutaneous cells when they are pressed upon. The receptors are axon endings branching among the cutaneous cells. The released potassium was assumed to raise the concentration of potassium, K o, outside of the axon branches, and thus to reduce their excitabilities by lowering the ratio of potassium inside the nerve to that outside (K dKo).
A steady pressure applied to the skin containing a sensory ending usually sets up only one or two impulses at the moment of its application and again on its release. A movement of the skin is necessary to stimulate. There is an obvious resemblance here to the stimulation of nerve by a constant current. In both of these cases we may regard the failure to respond to the continuous pressure or continuous current as a failure of excitation due to the establishment of a back ~.M.~. resulting from steady state kinetics and involving a reestablishment under the constant conditions of a new polarization level of the nerve membranes. If we choose to call this phenomenon adaptation it should be borne in mind that, while it may be interpreted in terms of the nerve's K~/Ko ratio as a measure of polarization, it is not the same phenomenon as the adaptation or peripheral sensory inhibition discussed in this and in previous papers (cf. Hoagland, 1935) .
In the present paper certain experiments are described which show (a) that the adaptation, or "peripheral inhibition" of the endings is not a product of their own activity, and (b) that the inhibition, under certain conditions, spreads through the skin for appreciable distances. The single axon cutaneous endings (cf. Adrian, CatteU, and Hoagland, 1931) in a frog's skin were stimulated with a jet of air passed through 221 The Journal of General Physiology a nozzle and interrupted by a notched disc rotated by a motor. The axon potentials were amplified and recorded by means of a Matthews oscillograph used in conjunction with a loud speaker. Adaptation to an interrupted pressure may be regulated as to its duration in terms of the properties of the discs used to interrupt the jet (Hoagland, 1932-33 a) . 1
II
The time necessary for recovery from adaptation is 30 to 60 seconds and hence is of an order of magnitude completely different from the short intervals of a few sigma required for recovery from the refractory state in nerve. Fig. 1 shows two out of eight typical plots of the number of nerve impulses from single axon endings, set up in response to intermittent air jet stimulation, as a function of the durations of rest periods allowed between the bursts of intermittent stimuli. After aiming the nozzle at the spot the preparation was not moved. The air pressure, temperature, disc, and frequency of stimulation were constant for any one experiment.
The recovery curves are consistent with the humoral inhibitory hypothesis we have advanced and cannot be accounted for in terms of any known events occurring solely in free nerve endings independently of their environment.
Cattell and Hoagland (1931) used two nozzles (A and B) impinging air jets on the skin a few millimeters apart, to study adaptation to the separate interrupted jets. A card was inserted between the streams from the two nozzles to avoid spread of the stimulus and to make it possible to observe the effects of each jet independently of the other. Since, however, movement of the skin is the actual stimulus, it was impossible by this means to be sure that the mere limitation of the spread of the air really limited the stimulus. The areas under each 1 Dr. Morgan Upton recently pointed out to me an interesting observation concerning the adaptation of tactile receptors in man to an interrupted repetitive stimulus. When driving a car in one's shirt sleeves the cloth of the sleeve of the arm resting on the outer open window sill of the car is often whipped by the wind against the skin. Under this treatment the skin rapidly becomes locally anesthetic to touch and pressure; only the deep pressure sensibility remaining.
nozzle were supplied by the same single branching axon and the nozzles were adjusted above the responsive area so that it usually took about equally long for each of them to produce adaptation in the undisturbed preparation when the same notched disc was used.
It was found in these experiments that when adaptation was produced by nozzle A the action of nozzle B, applied immediately afterward, was either completely unable to produce impulses or that the number of impulses that it could produce were greatly reduced in showing the total number of ~pulses produced by an interrupted jet when applied to each of two sensitive endings. The total number of impulses for each burst of stimuli, as counted from photographs, is plotted against the time allowed to elapse between the successive bursts of stimulation. Forty-two impulses per second were used to determine the lower curve with one preparation; one hundred and two impulses per second were used with another preparation to determine the upper curve.
number. At the time, we interpreted this to mean that the antidromic spread of impulses in the axon branches from the region first stimulated to that stimulated under B immediately afterward, produced adaptation in the endings under B. In short, that the impulses themselves produced adaptation. It was, however, also possible, but from our observations at the time improbable, that either nozzle A or B might have stimulated simultaneously the areas under both, through movements of the skin.
Since a gradually and steadily increasing air pressure, which sets up no nerve impulses, nevertheless was found to produce adaptation, and since adaptation so produced at A did not show any inhibitory effect on the area under B, we concluded that adaptation may be produced either by the stimulus alone which initiates no nerve impulses or, as a result of the experiment described in the above paragraph, by nerve impulses backfired over the branching axon into an unstimulated region. It did not occur to us to consider the possible effects of a spreading inhibitory humor released from the skin itself.
The following experiments indicate that we were incorrect in our suggestion that nerve impulses produce adaptation of the tactile endings.
The time of adaptation to an air jet stimulating forty-five times per second was measured by listening to the impulses on the loud speaker. After a recovery period (requiring 30 to 60 seconds for different endings) electrical stimulation was applied over the recording electrodes without moving the preparation. Forty-five "make" and "break" shocks per second from a Harvard coil were delivered to the nerve at a shock intensity sufficient to insure stimulation of all of the fibers in the nerve trunk. The stimulation was maintained for a period of from five to ten times as long as that previously found necessary to produce complete adaptation by the forty-five air puff stimulations delivered per second from the nozzle. Immediately on cessation of the electrical stimulation a switch was closed engaging the stimulating electrodes with the recording system, and the air jet stimulus of forty-five puffs per second was at once reapplied to the skin. All of some dozen preparations so tested were found to be completely unadapted after the electrical stimulation. A full response was elicited by the interrupted jet which was of entirely normal duration. This shows dearly that the nerve activity itself, including the activity of the ending, due to the centrifugal impulses electrically initiated, does not produce adaptation3 2 Elsewhere it has been suggested (Hoagland, 1935 ) that the adaptation of muscle spindle receptors in the presence of a constant stretch of the muscle may be brought about by potassium released from the contracting muscle cells and accumulating around the axon endings. The extensive experimental results of Matthews' studies (1931a Matthews' studies ( , 1931b are consistent with this hypothesis. He
The results of the two nozzle experiment of Cattell and Hoagland can probably best be accounted for in terms of a spread of inhibition from the stimulated region under A to that under B, 2 or 3 ram. away, as was recently suggested (Hoagland, 1934-35) . But if this is true it at first seems puzzling that there should be no spread of inhibition to an area under B when the jet through A increases gradually, and fully adapts the part of the ending in the area under it (CatteU and Hoagiand, 1931) . The experiments to be described next indicate that the vibratory movement of the skin, such as is produced by the interrupted jet, is an important factor in spreading the inhibition for appreciable distances.
If a piece of skin is excised containing many freely branching axons and if impulses are recorded from the attached common nerve trunk in response to constant steady pressure from a glass plate, the endings become adapted temporarily and fail to respond to stimulation of the skin. Under these circumstances recovery in some of the endings manifests itself in 10 seconds and seems to be complete in all of them in from 2 to 3 minutes. There is, however, no observable spread of the adaptation produced by the constant pressure to areas immediately adjacent to the stimulated region. A modification of this experiment was performed with the single fiber preparation by pinching the skin containing it with forceps and thus producing adaptation.
Pinching the skin immediately adjacent to the area containing the single ending did not produce adaptation.
That actual spread of adaptation from A to B, where an interrupted stimulus is used, does occur may be seen from the following typical protocols.
Nozzle A was focused on a sensitive spot; i.e., a spot giving an appreciable duration of discharge to intermittent stimulation. Nozzle B, of the same bore and supplied from the same air source as nozzle A was directed so that its jet impinged on the skin 3 ram. from that of A. Nozzle B was thus focused just off the spot so that its interrupted jet initiated no nerve impulses.
found, for example, that potassium hastens the adaptation to a greater degree than other ions, and that antidromic impulses backfired into the ending do not produce adaptation.
To be certain that these conditions were fulfilled, adaptation times to nozzles A and B were measured alternately by timing the duration of the discharge with a stop-watch. 60 seconds of rest were allowed between each successive determination. The following table shows a typical experiment. The zeroes under B indicate that no nerve impulses were produced by the nozzle stimulating at B. Having thus determined the effects of the two rigidly clamped nozzles, 40 seconds of rest were allowed and then nozzle B was turned on and allowed to stimulate for 20 seconds. Nozzle A, applied immediately after turning off B, was then found to be completely ineffectual as a stimulus, i.e. no impulses were set up, so that the adaptation time under A was also zero. This experiment could be repeated many times on the same ending and is typical of eight preparations tested.
We see, therefore, that an inhibitory effect must have spread for 2 to 3 mm. from the insensitive skin area under B to the normally responsive area under A. The recovery time for the ending under A, inhibited by stimulating the skin under B, was of roughly the same order of magnitude as was that for the normal time of recovery of the ending under A from adaptation.
From these results it appears that the spread of inhibition for a distance of several millimeters takes place only if the skin is vigorously churned by the interrupted stimulus. It is possible that the vibratory movement hastens the spread of the inhibiting humor. Unaided diffusion would normally be much too slow to account for the effects?
8 It has been recorded elsewhere (Hoagland, 1932-33 b) that a spread of operational injury occurs along the lateral-line receptors causing a progressive silencing of the spontaneous discharge of the neuromasts. This depressing action spreads in some 10 minutes for a distance of 2-3 can., decreasing with the distance from the incision. Such a rate of spread is, of course, not to be accounted for on the grounds of simple diffusion of an inhibitory humor along the lateral-line canal. Recent evidence indicates that the hair cells of the neuromasts of the lateral-line canal normally beat as cilia (Smith, 1930; cf. Hoagland, 1935) and are able to move colored substance through the canal at speeds of an order of magnitude consistent
In the single-endlng preparations tested the circulation was intact during the experiments, as could easily be seen by subsequent microscopic examinations. Since Cattell and Hoagland had found no spread of inhibition from the sensitive area under A to the sensitive area under B when A was inhibited by a gradually increasing uninterrupted stimulus, it seemed unlikely that the circulation was a determining factor in spreading a released inhibitory agent. To test this further, the experiments with two nozzles, one focused on the sensitive spot and the other just off it, were repeated several times with frogs in which the circulation had been destroyed. The results were the same as those we have just described, and indicate that the spread of adaptation is not due to the circulation.
SUMMARY
Further experimental evidence is presented indicating that the peripheral inhibitory phenomenon known as sensory adaptation, as it is manifested in tactile receptors in frogs' skin, is produced by a neurohumor released by non-nervous cells of the skin when they are pressed upon.
1. Adaptation is not produced by electrically initiated antidromic impulses backfired into the axon branches.
2. Intermittent air jet stimulation of a region of skin several millimeters distant from a responsive single ending produces failure of response of the ending to a similar direct intermittent stimulus applied to the skin containing the ending immediately afterward.
3. Constant pressure causes an ending to adapt but no spread of the effect, as described in the above paragraph, is found. This implies that the spread is the result of the vibratory movement of the skin.
4. The time curves of recovery from adaptation are inconsistent with any known properties of isolated nerve.
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with the observed inhibitory effects. It is possible that potassium released from broken cutaneous and muscle cells by the operation produces the inhibition of the spontaneous neuromast discharge.
